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We examined the eﬀects of vertical-disparity gradients on apparent depth curvature of textured surfaces. In Experiment 1, ver-
tical disparities induced expected curvatures when the surface had a horizontal disparity of < ±40.34 0. A central row of elements,
lacking vertical disparities, ceased to have the same apparent curvature as the surface when the horizontal disparity between row and
surface exceeded ±5 0. In Experiment 2, vertical disparities were not pooled between superimposed surfaces separated by horizontal
disparities > ±10 0. Thus, vertical-disparity gradients are not pooled over depth for curvature perception. Our results suggest that
vertical disparities are used to determine distances to surfaces directly, rather than to estimate vergence.
 2005 Elsevier Ltd. All rights reserved.
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Consider a central frontal plane viewed with symmet-
rical convergence. The horizontal disparity of points in
the median plane of the head varies with distance of
the plane from the point of binocular ﬁxation. Horizon-
tal disparity increases as a quadratic function of hori-
zontal eccentricity. The amplitude of this function
decreases as the distance of a frontal surface from the
viewer increases. Therefore, a person can use horizontal
disparities to perceive surface curvature accurately only
if accurately informed about the distance of the surface.
If distance is underestimated, a frontal surface will ap-
pear concave about a vertical axis. If distance is overes-
timated, the surface will appear convex (Helmholtz,
1910; and see Ga˚rding, Porrill, Mayhew, & Frisby,
1995). In theory, the distance of a ﬁxated surface could0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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E-mail address: pduke@yorku.ca (P.A. Duke).be provided by the angle of convergence of the eyes or
by the pattern of vertical disparities contained in the ret-
inal images of the surface. The type of information pro-
vided by vertical disparities depends on the coordinate
system used to register them.
1.1. Vertical disparities as a cue to surface distance
Gillam and Lawergren (1983), Rogers and Bradshaw
(1995) and Backus, Banks, VanEe, and Crowell (1999),
for example, measured the elevation of a point in each
eye in an elevation-latitude coordinate frame, and used
these angles to calculate a measure of vertical disparity1
(see Howard & Rogers, 2002, chap. 20). The retinaltwo angles in question. This quantity is known as the vertical size ratio
(VSR). Disparities can be expressed as a ratio (VSR) or as a diﬀerence.
The choice is of no consequence here insofar as both conventions
provide a cue to surface distance. We will use the diﬀerence convention
throughout.
Fig. 1. Illustrations (a) and (b) show the retinal elevation of a point measured as elevation–elevation-latitude, a, and elevation-longitude, b,
respectively. Iso-elevation contours are shown for the elevation-latitude system in (c) and the elevation-longitude system in (d). Vertical disparities in
the elevation-latitude convention decrease with the distance of a point from the observer and are invariant of vergence. Vertical disparities in the
elevation-longitude convention are invariant of the distance of a point from the observer, but vary with vergence. Thus (a) could be used if vertical
disparities are used to estimate the distance to points, or (b) if they are used to estimate vergence.
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shown in Fig. 1(a), along with lines of iso-elevation-lat-
itude in (c). In this system, the vertical disparity of a
point, deﬁned as a diﬀerence of the angles of elevation
in the two eyes, increases with eccentricity with respect
to the median plane of the head and with vertical eccen-
tricity with respect to the horizontal meridian. Also,
along any oblique cyclopean line of sight, vertical dispar-
ity decreases with increasing distance from the viewer,
as shown in Fig. 2. Gradients of vertical disparity over
the binocular ﬁeld when registered in this way do not
vary with changes in convergence of the eyes and pro-
vide a direct measure of the distance to a surface. It
is easily seen from Fig. 1c that the elevation-latitude
system provides no information about eye convergence,
because iso-elevation-latitude contours lie in planes
orthogonal to the eyes vertical axis of rotation. How-
ever, vergence information is not lost as it could be
obtained indirectly from vertical and horizontal dispar-
ities together.
1.2. Vertical disparities as a cue to vergence distance
Alternatively, Mayhew and Longuet-Higgins (1982)
and Ga˚rding et al. (1995), for example, used an eleva-tion-longitude coordinate frame to measure the retinal
elevation of a point in each eye (see also Howard & Rog-
ers, 2002, chap. 20). The retinal elevation of a point,
measured as elevation-longitude is shown in Fig. 1(b),
along with lines of iso-elevation-longitude in (d). Regis-
tered in this way, vertical disparities vary with horizon-
tal and vertical eccentricity, but importantly, they are
approximately constant with increasing distance along
any cyclopean line of sight. Furthermore, they vary with
the angle of convergence of the eyes (contours in Fig. 1d
are not orthogonal to the vertical axis of eye rotation).
The dependence on convergence and approximate in-
dependence from surface depth is described by Mayhew
(1982) in the derivation of expressions for vertical dis-
parities in a longitudinal frame. We illustrate these prop-
erties in Fig. 2. Because vertical disparities measured in a
longitudinal frame are determined by retinal eccentricity
and convergence, not surface distance, vertical-disparity
gradients over the binocular ﬁeld directly signal the con-
vergence state of the eyes. The distance to a surface is
not signalled by vertical disparities in this system, but
it can be determined indirectly by using vertical and hor-
izontal disparities together. While the information car-
ried by vertical disparities is diﬀerent under the
elevation-latitude and longitude systems, in each case,
Fig. 2. Moving a point along a line r of constant cyclopean eccentricity
(here 20 azimuth, 20 elevation-longitude) while ﬁxating a point at
vergence distance, d, as shown in diagram (a) gives vertical disparities
(right eye–left eye) shown in (b). In this simulation, vertical disparities
are measured as elevation-latitudes (graph i) and elevation-longitudes
(graph ii) for two vergence distances: 0.5 m and 5 m. Changing the
vergence distance has an eﬀect on vertical disparity only in the
elevation-longitude case. Changing the distance of the point has an
eﬀect on vertical disparities only in the elevation-latitude case. There is
approximately no change in the elevation-longitude case.
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gether provide, in diﬀerent ways, the vergence state of
the eyes and the distance of the surface. No information
is lost by choosing one system over another.2 The eﬀectiveness (gain) of the vertical disparity cue increases with
ﬁeld of view size. We do not see this fact as being in conﬂict with the
ﬁnding that pooling regions are relatively small. Pooling of vertical
disparities within regions determines values for the relevant scaling
parameters, whereas the size of the stimulus determines the weight
assigned to the vertical disparity cue for use in depth cue combination.1.3. Vertical disparity processing in stereopsis
However vertical disparities are registered, the
parameters required for scaling horizontal disparities
are obtained from the gradient of vertical disparities
over the binocular image. Detection of a gradual dispar-
ity gradient becomes more reliable the larger the surface.
It is therefore not surprising that distance estimates used
for scaling horizontal disparities rely more on an ext-
raretinal estimate of eye convergence with small displays
and more on gradients of vertical disparity with large
displays (Rogers & Bradshaw, 1995). Whilst increasing
the ﬁeld of view allows greater use of vertical disparities
for distance scaling, vertical disparity processing is not a
global, whole-ﬁeld process. Researchers have found
vertical disparity processing to be regional, as opposed
to global or local. Rogers and Koenderink (1986) and
Kaneko and Howard (1996b) demonstrated that diﬀer-
ent vertical magniﬁcations applied to upper and lower
hemiﬁelds produces a surface that appears gradually
twisted in opposite directions from top to bottom. This
suggests regional pooling. Local processing would pre-dict two distinct slants and global processing would pre-
dict zero slant. Kaneko and Howard (1997b) examined
the size of vertical disparity processing regions. By mod-
ulating vertical disparities sinusoidally at diﬀerent spa-
tial frequencies and measuring the eﬀects on apparent
3D shape, they estimated the upper extent of the central
vertical disparity processing region to be about 20 in
diameter.2
It has been known since the 19th century that a fron-
tal display lacking vertical disparities, such as a row of
dots on the horizon or an array of long vertical lines, ap-
pears convex at near distances and concave at far dis-
tances. This is the well-known Hering–Hillebrand
deviation that was investigated extensively by Ogle
(1964). The deviation can be explained in terms of errors
in the registered distance to the row. When only limited
distance information is available, objects appear dis-
placed towards a default distance. Gogel called this
the speciﬁc distance tendency and estimated it to be
about 2 m (Gogel & Tietz, 1973). Because the horizontal
disparities of a near frontal surface are the same as those
of a convex surface at further distance, distance over-
estimation would cause the frontal surface to appear
convex. Likewise, the horizontal disparities of a far
frontal surface are the same as those of a concave sur-
face at nearer distance, so distance underestimation
would cause the frontal surface to appear concave.
Helmholtz (1910, vol. 3, p. 322) demonstrated that the
deviation is much reduced when vertical disparities are
added to a frontal display. This suggests that vertical
disparities provide useful distance information, allowing
more accurate judgements of curvature.
The apparent curvature in depth of a surface with
ﬁxed horizontal disparities appears to change when ver-
tical disparities appropriate to diﬀerent viewing dis-
tances are introduced. The eﬀect is between 60% and
90% of the theoretical value (Berends & Erkelens,
2001; Duke & Wilcox, 2003; Frisby et al., 1999; Rogers
& Bradshaw, 1995). Vertical disparities, however they
are registered, certainly play an important role in the
interpretation of horizontal disparities.
Our experiments were designed to extend our knowl-
edge of how vertical disparities are used to scale hori-
zontal disparities when we judge the depth curvature
of a textured surface about a vertical axis. We already
know that vertical disparities are processed over large
2-D regions of visual space but we do not know how
they are processed in depth planes outside the plane of
convergence. All previous studies used single surfaces
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investigated whether the scaling of horizontal disparities
by vertical disparities for judgments of surface curvature
is aﬀected by the distance of the surface from the ﬁxa-
tion plane. If vertical disparities are not used to scale
horizontal disparities, a frontal surface should appear
curved according to the Hering–Hillebrand deviation.
If vertical disparities are used to scale horizontal dispar-
ities, depth curvature should be a function of vertical
disparity, at least up to the point where horizontal dis-
parities become too large to process.
In Experiment 1, we also examined whether vertical
disparities in a surface are used to scale horizontal dis-
parities of points lacking vertical disparities, when the
points and the surface are not in the same depth plane.
For this purpose, a central horizontal row of points
lacking vertical disparities was superimposed on a 2-D
array of points containing vertical disparities. A central
row of points appears to have the same depth curvature
as a textured surface with which it is coplanar. The cru-
cial question is whether a row of dots continues to have
the same curvature as a surface when the two displays
are in diﬀerent depth planes. If the vertical disparities
of the surface aﬀect the curvature of the row in this
way, this would suggest that vertical disparities are used
to estimate vergence, rather than distance to the surface.
Experiment 2 was designed to discover whether verti-
cal-disparity gradients are pooled (combined to give a
single parameter estimate) over surfaces at diﬀerent
depths deﬁned by horizontal disparities or whether the
vertical disparities are processed separately at diﬀerent
depths. We used two superimposed 2-D arrays. The ver-
tical disparities of one array were appropriate to one
viewing distance and those of the other display were
appropriate to another viewing distance. One display
had a zero horizontal-disparity oﬀset with respect to
the ﬁxation point while the other display had various
disparity oﬀsets that placed it in diﬀerent depth planes.
We will refer to the horizontal-disparity oﬀset of a dis-
play as its H-oﬀset. If vertical disparities are processed
independently for surfaces in diﬀerent depth planes sep-
arated by an H-oﬀset, the diﬀerent vertical disparities in
the two surfaces should cause them to have diﬀerent
apparent curvatures. On the other hand, if vertical dis-
parities are pooled over diﬀerent depth planes, the
superimposed surfaces should have similar apparent
curvatures based on the mean of their vertical-disparity
cues to distance. Pooling of vertical-disparity gradients
over depth would suggest that the visual system uses ver-
tical disparities to compute regional vergence estimates,
not distances to surfaces at diﬀerent depths. This would
favour the elevation-longitude convention in which ver-
tical disparities directly indicate vergence. Alternatively,
processing of vertical disparities separately for surfaces
at diﬀerent depths would suggest that vertical disparities
are used to determine their distances. This would favourthe elevation-latitude convention in which vertical dis-
parities directly indicate the distances of surfaces.
Both experiments revealed that vertical-disparity
scaling of horizontal disparities is horizontal-disparity
speciﬁc. Hence, the visual system does not compute a re-
gional vergence estimate derived from the vertical dis-
parities of points at diﬀerent depths. This ﬁnding is
contrary to the prediction of Ga˚rding et al.s (1995)
model of stereopsis. The results can be explained by
the use of vertical disparities to indicate the distances
to surfaces.2. General methods
2.1. Apparatus and stimuli
Stereoscopic images were presented on a pair of ﬂat-
screen CRTs and combined in a mirror stereoscope to
produce a frontal image at an optical distance of
45 cm. The displays on the two monitors were brought
into exact coincidence, so that 3-D displays could be
rendered with high precision. The luminance proﬁles
were linearised. The stimulus displays were viewed in
darkness, and precautions were taken to ensure that
nothing else was visible. Close-ﬁtting head and chin rests
supported the observers head. Responses were made on
an unseen keyboard.
Each stereoscopic test surface contained horizontal
disparities corresponding to a frontal surface, approxi-
mately 31 · 31, centred in the visual ﬁeld. Since the
monitors were ﬂat, two identical displays produced a ﬂat
binocular image at a distance of 45 cm within which the
gradients of horizontal disparity and vertical disparity
exactly matched those produced by an actual ﬂat display
at that distance. Each surface consisted of an array of
red or green (luminance matched) circular or rectangu-
lar elements, approximately 0.5 in diameter. Diﬀerences
in element type allowed observers to distinguish super-
imposed test surfaces clearly. Element position was
slightly jittered to reduce texture cues to curvature in
depth. We used jittered arrays of elements, rather than
random dot displays for a number of reasons. (1) They
guaranteed an even distribution of vertical disparity
information over the display, which was especially
important when two arrays were superimposed. (2) In
superimposed displays they prevented occlusion of ele-
ments, and false matches, and (3) they ensured that there
were always elements from both arrays near enough to
the ﬁxation point to be clearly visible. However, the
grid-like nature of these stimuli might produce less
apparent depth than more random patterns often used
in studies of stereoscopic depth perception, owing to
greater stereo-texture cue conﬂict.
When two test surfaces were superimposed, they were
either in the same plane at a distance of 45 cm or one of
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Fig. 3. Patterns of horizontal disparities from gaze-normal surfaces at
diﬀerent distances from the observer. Disparities are measured with
respect to a ﬁxation distance of 45 cm used in our experiments. The
functions corresponding to the range of horizontal-disparity oﬀsets
used in our experiments (±40.34 0) are shown as ﬁne dotted lines. The
broad dotted lines correspond to horizontal-disparity oﬀsets of ±3,
estimated to be the limits of good stereopsis by Blakemore (1970). The
interval between the dotted vertical lines indicates the angular width of
our stimuli.
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peared beyond or nearer than the other. Nine H-oﬀsets
were used: ±40.34 0, 21.03 0, 10.74 0, 5.43 0, and 0 0. These
are all within the range of stereopsis (Blakemore,
1970). The gradients of horizontal disparity across the
surfaces for each H-oﬀset are shown in Fig. 3. At the
45 cm ﬁxation distance, these gradients corresponded
to gaze-normal surfaces at distances from the observer
of between 41.6 and 49 cm. For each of the nine H-oﬀ-
sets there were three patterns of vertical disparity. In a
longitudinal coordinate system, these vertical disparity
patterns were consistent with simulated ﬁxation dis-
tances of 25.3, 45, and 207.2 cm respectively. Equiva-
lently, in an elevation-latitude system, these values
signal object distances. We will refer to the three pat-
terns of vertical disparity as near-V, veridical-V, and
far-V respectively. The veridical-V disparities were sim-
ply the vertical disparities arising from the combined
images on the ﬂat monitors. The theoretical depth cur-
vature of each surface was denoted by the depth interval-8
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Fig. 4. The theoretical, geometrically reconstructed surfaces corresponding
distances corresponding to the vertical disparities in these stimuli: (a) 25.3 cm
about a vertical axis are shown. Depth is given relative to the ﬁxation dista
surfaces is labelled.between the centre of the surface and a point on the sur-
face 12.5 cm from the centre in a horizontal direction.
Near-V corresponded to a surface with a concave curva-
ture of amplitude 2.5 cm, veridical V corresponded to
a surface with zero curvature, and far-V to a surface
with a convex curvature of amplitude +2.5 cm, as indi-
cated in Fig. 4. Over the range of H-oﬀsets that we used,
concentric surfaces have approximately the same curva-
ture. We calculated the theoretical depths, Z 0, shown in
Fig. 4, without using approximations. Approximate val-
ues of Z 0 are provided by the following equation, de-
rived from equations in Mayhew and Longuet-Higgins
(1982).
Z 0 ¼ d
2
I
H  I
ds
x2
 
H is the horizontal disparity of a point at horizontal
eccentricity x, d is the cyclopean distance to the ﬁxation
point, ds is the simulated viewing distance to the ﬁxation
point speciﬁed by vertical disparity, and I is the inter-
ocular distance.
A single comparison surface was presented after each
test display. The comparison surfaces were similar to the
test surfaces. They all had a pattern of vertical dispari-
ties corresponding to a viewing distance of 45 cm but
horizontal disparity curvatures corresponding to ﬁxated
frontal surfaces at distances between 22.6 cm and inﬁn-
ity. These curvatures at our viewing distance of 45 cm
corresponded to depth curvatures ranging from
3.2 cm (concave) to 3.2 cm (convex) at intervals of
0.17 cm.
2.2. General procedure and task
By pressing a key, observers alternated between a test
display and a comparison surface. They used a pair of
keys to adjust the curvature in depth of the comparison
surface until it matched the apparent curvature of the
single test display or of one or other of the superimposed
test displays, as speciﬁed by a computer-generated voice.
Observers could alternate between test and comparison
displays as often as they wished. Thus, the settings of5 10
cted X (cm)
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34'
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34'
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 cm amplitude. (c) Far V: 2.5 cm amplitude.
to the horizontal disparities in our stimuli, scaled for each of three
, (b) 45 cm, and (c) 207.2 cm. The curvatures of the resulting surfaces
nce in our experiments (45 cm). The H-oﬀset (arcmin) of each of the
2030 P.A. Duke, I.P. Howard / Vision Research 45 (2005) 2025–2035the curvature of the comparison display indicated the
vertical disparity scaling of curvature that the observer
applied to each test display, and hence indicated the esti-
mate of distance from vertical disparities. Observers
were instructed to maintain ﬁxation on the central cross
and maintain alignment of ﬂanking nonius lines. How-
ever, informal observations indicated that the stimuli
did not appear to change with vergence, or when the
gaze was moved, except when the gaze was directed to
far oblique points of displays with non-veridical vertical
disparity. These gaze eye movements evoked vertical
vergence which interfered with fusion of the images.Fig. 5. A schematic illustration of the stimuli used in Experiment 1. A
central row of elements was superimposed on a 2-D array of elements.
The central row had zero horizontal-disparity oﬀset. The 2-D array
appeared with diﬀerent H-oﬀsets, in both near and far vertical
disparity conditions. In the actual stimuli, red and green circular
elements were seen against a black background.3. Experiment 1
An array of long vertical rods or a row of points
along the visual horizon contains no vertical disparities.
For such displays, distance scaling of horizontal dispar-
ities must rely on a direct registration of vergence. Ver-
gence eye position signals, especially beyond a distance
of 2 m, are unreliable indicators of distance (Howard
& Rogers, 2002). The curvature in depth of displays
lacking vertical disparities is therefore not accurately
perceived, as indicated by the Hering–Hillebrand devia-
tion (Ogle, 1964). In Experiment 1 we asked whether
vertical disparities in a surface are used to scale horizon-
tal disparity in a horizontal row of elements lacking ver-
tical disparities. In particular, we investigated whether
any eﬀect of a surface on a row depends on the horizon-
tal-disparity oﬀset of the surface relative to that of the
row. In other words, we asked whether vertical dispari-
ties in a surface help to scale horizontal disparities in a
row of elements when the surface and row are in diﬀer-
ent depth planes. By presenting the surface at increasing
H-oﬀsets with respect to ﬁxation we examined whether
the curvature of the surface continues to be determined
by its vertical disparities.
3.1. Method
3.1.1. Subjects
There were four observers, aged 26–50, with stereo-
acuity of 20 0 or less on the Titmus Randot test. They
had normal or corrected visual acuity. Two were experi-
enced psychophysical observers but all of them had par-
ticipated in other studies on stereoscopic vision. One
observer was an author, and the others were naı¨ve as
to the purpose of the experiment.
3.1.2. Stimuli
The test stimuli were as follows. (1) A central hori-
zontal row of circular elements in a frontal plane con-
taining the ﬁxation point. (2) A 31 by 31 2-D array
of circular elements with zero H-oﬀset and with either
near-V or far-V patterns of vertical disparities. (3) Acentral row of elements in the ﬁxation plane superim-
posed on a 2-D array of elements with near-V or far-V
patterns of vertical disparities, each at nine levels of
H-oﬀset with respect to the row. Fig. 5 shows a sche-
matic example of this type of stimulus. The elements
of the row were red and those of the array were green
or vice versa. The elements of the comparison surface
had the same colour as those in the test display to which
the curvature was being matched.3.1.3. Procedure
The experiment had a repeated measures design, and
was performed by each observer over four sessions of
approximately 30 min each. Each session comprised 39
trials in which 21 stimuli were presented in random
order. The conditions were: (1) the central row alone,
(2) the array alone at each of two vertical disparity lev-
els, and (3) the central row superimposed on the array
with the array at each of two vertical disparity levels
and nine levels of H-oﬀset. Each superimposed display
was presented twice. The observer matched the curva-
ture of the comparison stimulus to the row on one occa-
sion and to the 2-D array on the other occasion. The
initial depth amplitude of the comparison stimulus was
randomised. All observers performed one full practice
session before beginning the experiment.3.2. Results and discussion of Experiment 1
Fig. 6 shows the group means separately for the near-
V and far-V conditions. The matched curvature of each
2-D array presented alone was, on average, approxi-
mately 80% of the predicted values of +2.5 cm and
2.5 cm. This result is similar to those of other studies
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Fig. 6. Group mean data from Experiment 1 for (a) the near-V and (b) far-V element array conditions. Data are plotted as matched curvature, with
the corresponding predicted distance from vertical disparity given on the secondary Y axis. The data are plotted with respect to the H-oﬀset of the
array. The central row was ﬁxed at zero H-oﬀset.
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D shape (Berends & Erkelens, 2001; Rogers & Brad-
shaw, 1995). The matched curvature of the central row
alone was approximately 0.5 cm. This curvature is
similar to that arising from the Hering–Hillebrand devi-
ation (Ogle, 1964).
When the row and the array were superimposed with
the same H-oﬀset (same depth plane), their perceived
curvatures were the same, and equal to that of the array
when seen alone. This too would be expected on the
basis of other studies (Adams et al., 1996). The impor-
tant point is that, when the H-oﬀset of the 2-D array
was increased beyond ±5 0 relative to the zero oﬀset of
the row, the curvatures of the two stimuli became
increasingly dissimilar. The array with near-V disparities
appeared concave and that with far-V disparities ap-
peared convex, but the perceived curvature of the row
tended towards the value when the row was seen alone.
For three observers, these values became about equal,
and one observer showed a relatively larger judgement
of curvature for the row when seen alone. We speculate
that larger H-oﬀsets would be required for the values to
become equal for this observer.
In the ﬁrst place, these results demonstrate that verti-
cal disparities are used to scale horizontal disparities in a
surface nearer than or beyond the plane of ﬁxation. This
is true despite the diplopic appearance of the surface
with the largest H-oﬀsets and is consistent with the
results of studies of stereoacuity in stimuli on depth ped-
estals (Blakemore, 1970). Secondly, these results demon-
strate that the scaling of horizontal disparities by
vertical disparities in a surface aﬀects the perceived cur-
vature in another row of dots lacking vertical dis-
parities only when the two displays are in, or almost
in, the same depth plane. Therefore, these results sup-port the hypothesis that vertical disparities are processed
within a narrow range of horizontal disparity-deﬁned
depths.
It is possible that observers settings could have been
aﬀected by curvature contrast between the row and the
array in addition to the horizontal-disparity speciﬁc ver-
tical-disparity processing eﬀect. Curvature contrast
alone cannot explain these results because it could not
occur unless vertical disparities had diﬀerent eﬀects on
the curvature of the row and the array, when in diﬀerent
depth planes. If the vertical disparities of the array were
always used to interpret the horizontal disparities of the
array and the row, the appearance of the surfaces would
be like those in Fig. 4.
To examine whether depth curvature settings for the
row condition diﬀered reliably from those in the array
condition, ANOVAS were performed on the data from
the near-V and far-V conditions. A signiﬁcant main ef-
fect (row vs. array) was found in the far-V condition
(F1,3 = 19.866,p = 0.021), but not the near-V condition
(F1,3 = 7.166,p = 0.075) in which the diﬀerences between
array and row settings were smaller. To assess the
increasing diﬀerence between array and row settings
with an increasing diﬀerence in H-oﬀset from zero, we
performed trend analyses on the diﬀerence between
array and row settings. The analysis revealed a
signiﬁcant cubic trend (F1,3 = 147.238,p = 0.001) in the
near-V condition, and a signiﬁcant quadratic trend
(F1,3 = 11.207,p = 0.044) in the far-V condition.4. Experiment 2
In Experiment 2 we measured the perceived curva-
tures of two superimposed surfaces separated by various
2032 P.A. Duke, I.P. Howard / Vision Research 45 (2005) 2025–2035H-oﬀsets. We did this to determine whether vertical dis-
parities are processed across surfaces in diﬀerent depth
planes to yield an estimate of vergence or whether they
are processed independently for surfaces in diﬀerent
depth planes to yield a direct measure of the distance
to each surface.
4.1. Method
There were ﬁve observers, ages 26–75 with stereoacu-
ity of 20 0 or less and normal or corrected acuity. Three
participated in Experiment 1. Three, including the
authors, were well experienced psychophysical observers
but the other two had participated in stereoscopic exper-
iments. All but the authors were naı¨ve as to the purpose
of the experiment.
4.1.1. Stimuli
The test stimuli were two similar 31 by 31 arrays of
elements, designated array 1 and array 2. They were pre-
sented singly or superimposed. When presented singly,
array 1 had either near-V or far-V and zero-H oﬀset
and array 2 had veridical-V and zero H-oﬀset. When
they were superimposed, array 2 was presented at each
of nine H-oﬀsets relative to array 1. When the arrays
were superimposed, their elements were arranged in
alternating rows and columns with some horizontal
and vertical element jitter, as shown in Fig. 7. The ele-
ments in the two arrays diﬀered in shape (circles or rect-
angles) and also in colour (red or green). This allowed
observers to distinguish the two arrays and prevented
the images in one array being fused with those in the
other array. The lateral positions of the two arrays,
and element shape and colour were pseudorandomised
over observers and conditions.Fig. 7. A schematic illustration of the superimposed stimulus arrays
used in Experiment 2. One array was had zero H-oﬀset and in both
near-V and far-V conditions. The other had one of several H-oﬀsets
and a veridical pattern of vertical disparities. The actual stimuli
consisted of red/green circles/rectangles seen against a black
background.4.1.2. Procedure
The procedure for Experiment 2 was identical to that
in Experiment 1. Each session comprised 39 trials in
which 21 diﬀerent stimuli were presented. The conditions
were: (1) array 1 alone at each of two levels of vertical dis-
parity (near-V and far-V), (2) array 2 alone, (3) array 1 at
each of two levels of vertical disparity (near-V and far-V)
superimposed on array 2 at each of nine levels of H-oﬀ-
set. Each of the superimposed arrays appeared twice.
Observers judged the curvature of array 1 on one occa-
sion and of array 2 on the other occasion. Each observer
performed eight sessions of approximately 30 min each.
4.2. Results and discussion of Experiment 2
Fig. 8 shows the group means with separate graphs
for near-V and far-V conditions. Three points should
be noted. The ﬁrst point is that, for each array presented
alone, the apparent depth curvature was approximately
30% of the predicted curvature. This is signiﬁcantly less
than the 80% found in Experiment 1. This may be due to
the fact that the arrays in Experiment 1 contained, on
average, 44% more elements than the arrays in Experi-
ment 2. Reducing the number of elements may have re-
duced the reliability of vertical-disparity gradient
estimates and thus rendered the cue less eﬀective.
The second point to note is that when the two arrays
were superimposed with zero H-oﬀset, the perceived cur-
vatures of the arrays were almost identical, and approxi-
mately equal to the average of the curvatures of the two
displays presented singly. Observers reported that all the
elements appeared to lie on a single surface. This demon-
strates that the vertical disparities in the two arrays were
processed together to yield, in eﬀect, a single estimate of
the vertical-disparity cue to distance, rather than being
processed separately for diﬀerent types of element. Other
investigators have also reported that diﬀerent vertical dis-
parities in a single surface are averaged unless the diﬀer-
ence exceeded a certain value, after which the percept
was governed by one or other of the vertical-disparity pat-
terns (Adams et al., 1996; Stenton, Frisby, & Mayhew,
1984). Porrill, Frisby, Adams, and Buckley (1999) pro-
vided an account of these processes in terms of parameter
estimation by a statistically robust ideal observer.
The third, and most important, point to note is that
the perceived curvatures of the superimposed displays
became increasingly diﬀerent as the H-oﬀset was in-
creased. It is clear from Fig. 8 that this was true for both
near-V and for far-V conditions. From the graphs, a dif-
ference in curvature became evident when the H-oﬀset
reached about ±10 0. Beyond a certain H-oﬀset, the per-
ceived curvature of each array became similar to that
when the array was presented alone. We would not nec-
essarily expect them to become identical because addi-
tional factors could have an eﬀect in the superimposed
arrays. The curvatures of superimposed arrays may be
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Fig. 8. Group mean results of Experiment 2. Data are plotted in the same format as for Experiment 1. Array 1 had a zero H-oﬀset and either (a) the
near-V or (b) the far-V pattern of vertical disparity. The data are plotted with respect to the variable H-oﬀset of array 2, which had a veridical pattern
of vertical disparities.
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tion to a single distance.
Although the perceived curvatures were small, the
diﬀerences were reliable. ANOVAs performed on the
setting data revealed signiﬁcant diﬀerences between
the two array conditions in both the near-V condition
(F1,4 = 20.169,p = 0.011) and the far-V condition (F1,4 =
26.284,p = 0.007). The increasing diﬀerence between the
two array conditions away from zero H-oﬀset was as-
sessed with trend analyses. The eﬀect had a signiﬁcant
quadratic trend in both the near-V condition (F1,4 =
8.667,p = 0.042) and the far-V condition (F1,4 = 32.445,
p = 0.005).
We conclude from these results that vertical-disparity
gradients used to distance-scale horizontal disparities
are processed separately at diﬀerent depths.5. General discussion
Horizontal disparities within a surface do not allow
us to determine its depth curvature since this is ambigu-
ous without an estimate of distance. Viewing distance
can be registered from gradients of vertical disparity.
Our results demonstrate several characteristics of verti-
cal-disparity processing. They show that vertical dispar-
ities in a 2-D array are used to scale horizontal
disparities when the array has a horizontal-disparity oﬀ-
set from the plane of ﬁxation of up to about 40 0. The
ﬁnding that the visual system uses vertical disparities
outside the ﬁxation plane is new. Previous studies inves-
tigated the processing of vertical disparities only in sin-
gle surfaces containing the ﬁxation point.By using two superimposed arrays with diﬀerent hor-
izontal-disparity oﬀsets with respect to the ﬁxation
plane, we have shown that the scaling of horizontal
disparities by vertical disparity is depth speciﬁc. The
depth speciﬁcity is also indicated by the fact that the
scaling of horizontal disparities for points without verti-
cal disparity is determined by vergence alone unless
points with vertical disparity are nearby in depth, as
shown in Experiment 1. Diﬀerent gradients of vertical
disparity are averaged only when they are within a single
surface or in surfaces with a horizontal-disparity oﬀset
of no more than ±5 0.
A reviewer oﬀered an alternative account of this
depth speciﬁcity. It was suggested that the row and array
in Experiment 1, and the two arrays in Experiment 2 are
seen to lie on a single surface when there is zero horizon-
tal disparity oﬀset, not because they are both scaled the
same way by vertical disparities, but because they lie on
the same horizontal disparity-deﬁned surface. If both lie
on the same horizontal disparity-deﬁned surface, they
must lie on the same real surface, hence a single surface
is perceived despite ambiguous or conﬂicting depth
information from vertical disparities. We agree with this
part of the alternative and see it as an important rule in
the interpretation of depth from horizontal disparities,
independent of whether or not they are scaled by vertical
disparities. The diﬀerence between the vertical disparity
processing account and the alternative is in how the cur-
vature of the single horizontal-disparity deﬁned surface
is scaled. The vertical-disparity processing account pre-
dicts that the resultant curvature of the single surface
is determined by the average vertical-disparity gradient.
This is what we found, as have others (Adams et al.,
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1996b; Kaneko & Howard, 1997a; Kaneko & Howard,
1997b; Porrill et al., 1999; Rogers & Koenderink,
1986; Stenton et al., 1984). On the other hand, the alter-
native is not explicit about what determines the resultant
curvature. If only horizontal disparities are considered,
the resultant curvature should be close to frontoparallel
in both Experiments. This was not found. Clearly verti-
cal disparities determine surface curvature in these
Experiments.
In the model proposed by Ga˚rding et al. (1995) verti-
cal disparities are used to estimate vergence, and they
are registered with respect to lines of elevation-longi-
tude. In this system, gradients of vertical disparity over
the binocular image are independent of surface distance
but vary with vergence (see also Mayhew (1982) and
the simulation in Fig. 2). In Ga˚rding et als model, ver-
tical-disparity gradients are estimated from the vertical
disparities of points pooled over all depth planes. This
provides a more robust estimate of the vertical-disparity
gradient over the visual ﬁeld than separate estimates of
the vertical-disparity gradient at diﬀerent horizontal dis-
parity deﬁned depths. This, in turn, provides a better
estimate of vergence, which can be used to scale horizon-
tal disparities within any plane of convergence. Pooling
of vertical-disparity gradients in this way, however, can-
not account for the depth speciﬁcity of horizontal dis-
parity scaling that we found. Instead, the depth
speciﬁcity can be explained by the use of vertical dispar-
ities to specify the distances to surfaces directly. It is
possible to estimate the distances to surfaces directly
from vertical-disparity gradients measured in an eleva-
tion-latitude system (e.g. Gillam & Lawergren, 1983).
There are other possible explain explanations of why
two surfaces are processed independently when sepa-
rated in horizontal disparity by more than about ±10 0.
One explanation might be that connections between dis-
parity sensitive units needed to perform vertical dispar-
ity pooling over horizontal disparities do not exist or
exist over only a very narrow range of horizontal dispar-
ities. Another explanation, oﬀered by a reviewer, is that
the surfaces may be processed in isolation because the
horizontal disparity between them is measured unreli-
ably in comparison to smaller disparities. The curvature
of one surface relative to the other may be estimated
using the horizontal disparities between them. If this rel-
ative disparity becomes less reliable, surface curvature
may be determined to a greater extent by other cues such
as vertical disparities. The use of the relative disparity
cue in this manner is a possibility in our Experiments.
However, such accounts are not a challenge to our con-
clusion that vertical-disparity gradients are not pooled
over horizontal disparities, and this is contrary to expec-
tation if vertical disparities are used to estimate ver-
gence. Vertical disparity processing in depth behavesas if vertical disparities are used to code the distances
to surfaces, not vergence.
To our knowledge, our results provide the ﬁrst evi-
dence that the visual system uses vertical disparities to
estimate the distances to surfaces rather than to estimate
convergence of the eyes.Acknowledgement
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